Graphitic carbon nanostructures have been synthesized from cellulose via a simple methodology that essentially consists of the steps: i) hydrothermal treatment of cellulose at 250ºC and ii) impregnation of the carbonaceous product with a nickel salt followed by thermal treatment at 900ºC. The formation of graphitic carbon nanostructures seems to occur by a dissolution-precipitation mechanism in which amorphous carbon is dissolved in the catalyst nanoparticles and then precipitated as graphitic carbon around the catalyst particles. The subsequent removal of the nickel nanoparticles and amorphous carbon by oxidative treatment leads to graphitic nanostructures with a coil morphology. This material exhibits a high degree of crystallinity and large and accessible surface area. 
Introduction
Carbon nanostructures are receiving widespread attention due to their attractive chemical and physical properties (i.e. chemical resistance, mechanical strength, good thermal and electrical conductivity and high external surface area), which make them suitable for applications in areas such as electron field emission, storage and production of energy, hydrogen storage, nanocomposites, catalyst support or drug delivery [1] [2] [3] [4] .
These nanostructures can be synthesized in a wide variety of morphologies, such as tubes, fibers, onions, horns, capsules, ribbons or coils [2, 3, [5] [6] [7] . This type of materials is normally synthesized under harsh conditions (T > 5000ºC), by means of a laser, plasma or arch discharge [5, 8, 9] . However, the use of a catalyst may lead to a softening of the synthesis conditions and a reduction of the temperature at values as low as 600ºC [10] . The chemicals that act as catalyst in the graphitization process are transition metals, such as V, Zr, Pt, Ti, Al, Mn, Fe, Co, or Ni [11, 12] [12, 13] . Among these, Fe, Ni and Co have been found to be particularly effective as catalysts in the production of graphitic structures at temperatures < 1000ºC [14, 15] . This catalytic process makes it possible to transform both the graphitizing and non-graphitizing precursors into graphitic carbon, thereby broadening its applicability to a wider range of substances. Of course, the use of cheap precursors would reduce considerably the cost of the process.
Among the possible carbon precursors, saccharides are widely available and low-priced.
However, cellulose is the cheapest and most abundant of all the naturally occurring organic compounds and, what is more, it is renewable. Although it is commonly used as precursor for activated carbons, to the best of our knowledge, it has only once been used to prepare graphitic carbon nanostructures [16] . In this case, the graphitic carbon nanostructures were synthesized at a very high temperature (laser pyrolysis), 2250ºC, 3 which increases the cost and complexity of the process. Here we investigate the use of cellulose as a starting point for fabricating graphitic nanostructures. The synthesis strategy involves two basic steps: a) the hydrothermal carbonization of cellulose at a temperature of around 250ºC to obtain an intermediate highly functionalized carbonaceous solid, here denoted as hydrochar, and b) the impregnation of the hydrochar with a nickel salt and its carbonization up to 900ºC. The nickel (Ni 2+ ) which is incorporated into the hydrochar is converted into metallic nickel nanoparticles during carbonization. These nanoparticles act as a catalyst for the conversion of a fraction of the amorphous carbon formed into graphitic carbon. Two mechanisms have been proposed to explain the process of catalytic graphitization [12] : a) the dissolutionprecipitation mechanism, whereby amorphous carbon first dissolves into the metal catalyst, which then precipitates as graphitic carbon and b) the formation-decomposition of carbide intermediates, whereby the carbon forms a carbide with the metal, which then decomposes at a certain temperature, leaving behind graphitic carbon. In the present work, in order to clarify the mechanism of catalytic graphitization of cellulosic products, we paid special attention to the chemical transformations occurring during the heat treatment. Accordingly, the nickel impregnated hydrochar was subjected to heat treatments at different temperatures in the 300-900ºC range and characterized by X-ray diffraction, thermogravimetric analysis, X-ray photoelectron spectroscopy and transmission electron microscopy.
Experimental

Preparation of materials
A cellulose-derived hydrochar material was used as carbon precursor in the synthesis of the graphitic carbon nanostructures. This material was obtained through the water and oven-dried at 120ºC for 2h.
Characterization
Scanning electron microscopy (SEM) microphotographs were obtained with a Zeiss The external surface area (S ext ) was estimated by means of the α s -plot method and a non-graphitized carbon black was used as reference [18] .
Results and Discussion
Catalytic graphitization of cellulosic hydrochar
A nickel impregnated hydrochar was subjected to heat treatment under nitrogen at different temperatures in the 300-900ºC range and the XRD patterns were recorded. These are depicted in Figure 1 . When the nickel impregnated hydrochar is heat-treated at 300ºC, NiO nanoparticles appear in the carbonaceous matrix as a consequence of the decomposition of nickel nitrate, as evidenced by the appearance of X-ray diffraction peaks at 2θ ~ 36º, 43º and 62º which can be assigned respectively to the (111), (200) and (220) planes of the face-centered cubic structure of the NiO. For higher temperatures, the NiO nanoparticles are reduced by the carbon and consequently the XRD patterns only contain the peaks characteristic of the face-centered cubic structure phase of Ni (i.e. (111), (200) and (220) at 2θ ~ 44º, 52º and 76º respectively). These peaks become more intense as the carbonization temperature increases. This is due to the growth of the nickel nanoparticles, whose size increases from 4 nm (300ºC) to ~17 nm (900ºC), as was deduced by applying the Scherrer equation to the (111) peak of Ni. These transformations were also examined by thermogravimetric analysis of the nickel-impregnated hydrochar sample. Figure 2 shows the sample weight changes (weight loss and weight loss rate) that take place when the sample is heat-treated under nitrogen atmosphere. Figure 1) , and the broad peak at ~385ºC is due to two superimposed processes: i) the reduction of NiO to Ni due to a redox reaction with carbon, as previously shown by XRD (see Figure 1) and ii) the carbonization of the hydrochar material (see TGA in ref. [17] ). This TGA pattern differs from that obtained for the nickel nitrate-impregnated charcoal, where the reduction of NiO to Ni by means of carbon occurs at a higher temperature than in this case [22] , which suggests that the hydrochar has a greater power of reduction.
The XRD patterns displayed in Figure 1 also provide information about the structural changes in the carbonaceous matrix. Thus, for tempertatures < 700ºC no peak associated to the graphitic framework is detected, indicating that the carbonaceous matrix is amorphous. However, for T ≥ 700ºC a sharp peak appears at 2θ ~ 26º, which is attributed to the (002) reflection of the graphitic framework. This peak is superimposed on a broad band corresponding to amorphous carbon (see zoom in Figure 1 ). For T ≥ 730ºC, this reflection is more intense and is accompanied by small peaks at 2θ ~ 43º and 55º, which are associated to (01) and (004) reflections of the graphitic framework. These peaks are almost completely hidden by the intense reflections adscribed to nickel nanoparticles.
These results show that the onset of catalytic graphitization takes place at temperatures ≥ 700ºC, which is in agreement with previous observations for other saccharide-based hydrochar materials [23] . As the temperature rises from 700 to 900ºC, the (002) peak becomes more intense, denoting an increase in the (graphitic carbon)/(amorphous carbon) ratio. However, the structural characteristics of the materials (d 002 and L c ), hardly change at all as the temperature increases (d 002 ~ 0.342-0.343 nm and L c ~ 7.0-7.6 nm). These results suggest that the increase in temperature does not have a significant influence on the degree of structural order of the graphitic carbon, but it does influence the amount of graphitic carbon generated, as previously observed for other carbon precursors [23, 24] .
The variation of the graphitic/amorphous carbon ratio with the carbonization temperature was exammined by means of XPS spectroscopy ( Figure 3 ). It was found that for the sample heat-treated at 730ºC the ratio between the area of the peak corresponding to graphitic carbon, i.e. C=C groups (E B = 284.4 eV) and that of the peak attributed to amorphous carbon, i.e. C-C/CH x groups (E B = 285.1 eV) is 0.434, whereas for the sample heat-treated at 900ºC it is 0.756, which indicates an increase in the amount of graphitic carbon as the temperature rises. The presence of oxygen groups remaining in the graphitized materials is revealed by the peaks at around 287.2 and 289.2 eV, which are attributed to carbonyl groups (>C=O) and carboxylic groups, esters or lactones (-COOR) respectively [25] .
The XRD patterns and the TEM images of the carbonized samples reveal that they contain both amorphous and graphitic carbon. It suggests that the mechanism of catalytic graphitization is dissolution-precipitation. Thus, in the XRD spectra (see Figure 1 ) only nickel metallic nanoparticles are identified in the samples heat-treated at different temperatures. No nickel carbide has been detected at any temperature, ruling out the carbide formation-decomposition mechanism. On the other hand, the TEM images in Figure 4 show that graphitic carbon is located around the nickel nanoparticles or in their vicinity whereas the carbon far away from the nickel nanoparticles remains amorphous.
This is in accordance with the dissolution of amorphous carbon in the metallic nanoparticles and its precipitation as graphitic carbon, which then remains in the vicinity of, or not far away from, the catalyst nanoparticles [12, 26] . The morphology of the graphitic structures is the result of the movement of the catalyst nanoparticles throughout the amorphous carbon matrix, leaving behind a trail of graphitic carbon.
Structural characteristics of the graphitized carbons
As a consequence of the catalytic graphitization process, graphitic carbon whereas the yield of the overall process is around 8 % (i.e. 8 g GCNs/100 g cellulose).
A diagram of the overall synthesis process is presented in Figure 6 . The graphitic nanocarbons consist of nanoparticles with a size < 200 nm, as evidenced by the SEM image shown in Figure 5a . TEM inspection of these nanoparticles reveals that they have a nanocoil morphology (see Figure 5b ). Well-defined (002) lattice fringes are observed in the high-resolution transmission electronic microscopy images (see inset Figure 5b ), which evidences the high degree of crystallinity of the graphitic carbon nanostructures.
This is confirmed by the selected area electron diffraction pattern (Figure 5c , inset), Xray diffraction analysis ( Figure 5c ) and Raman spectroscopy (Figure 5d) . Thus, the 9 XRD pattern for these nanostructures contains intense peaks at 2θ ~ 26º, 43º, 54º and 78º, which correspond to the (002), (10) , (004) and (110) properties of these carbon nanostructures by means of the N 2 sorption isotherm shows that they do not contain framework-confined pores and that they have quite a large external surface area, of aprox. 114 m 2 .g -1 (see Figure 7 ). This external surface area matches the specific surface area, as the adsorption only takes place on the external surface of the nanoparticles.
Conclusions
In summary, we have proved that the carbonaceous products obtained by the 
